By irradiating previously deformed LiF [ I 101 rods and remeasuring the thermal conductivity, Anderson and c o -~o r k e r s l -~
have demonstrated that the scattering of phonons by dislocations is predominantly dynamic--at least below 2 K. Although their results were qualitatively inconsistent with static strain field scattering they were also not quantitatively fit by previous calculations of dynamic scattering effects. We undertook a c a l c~l a t i o n~.~ based on the vibrating dislocation string model5 and taking into account several details which others have neglected--including phonon focusing, resonance angle effects, and the resolved shear stress factor for each incident phonon--and confirmed that dynamic phonon scattering by isolated dislocations of a density A equal to the etch pit density could not account for observed2 effects.
It became clear that the defect responsible for scattering was a dislocation-like defect having a higher resonant frequency (with a broader distribution of resonant frequencies) and present in larger numbers. These conditions are met by the dislocation dipole, which is a pair of dislocations of opposite signs on glide planes a distanced apart. Dislocation dipoles are predominantly of edge character, as screw dislocations of opposite sign cross glide and annihilate. Because the members of the dipole attract each other there is a restoring force Dy when the dislocations move in opposite directions (the optical mode of vibration) so that the equation of motion is A d2y/dt2 + B dy/dt -C d2y/dx2 + Dy = bucos(kx-wt). where uac is the acoustical mode resonant frequency, A is the effective mass, B is the damping constant, C is the line tension, u is the resolved shear stress, L is the length between pinning points, b is the burgers vector, and v is Poisson's ratio. Thus the optical mode frequency is higher than the acoustical mode frequency, especially for narrow dipoles. Long wavelength ()3>d) stress waves excite only the optical mode of vibrations because the dislocations have opposite signs.
Dislocation dipoles are believed to greatly outnumber isolated dislocations in deformed crystals. A reasonable ratio appears to'be 10-100, distributed primarily at dipole widths of 3b to 300b6 with most having widths less than afew hundred Angstroms so that they are not easily detected by electron microscopy or etch pitting techniques. A distribution of this type (for dipole Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1981672 width nb) is the exponential distribution A(n) = A . exp(-(n-3)/No) for n)3. The observed thermal conductivity effects2 were fit by assuming No = 60 and a Koehler distribution5 of lengths with average loop length equal to the ultrasonically determined value7 of 2 x cm. If all dipoles are on the (1 10) planes perpendicular to the rod axis it is found4 that 7.5 x lo8 cm-2 dislocations paired into dipoles are required in order to fit the observed effects.* However if some fraction of the dipoles are on the other11 10) planes which scatter the predominant heat carrying phonons along [I 101 LiF rods more effectively, then less dipoles are required. Because of the type of deformation used2 most dislocations and dipoles are expected to be on (1 10) so that the number of dipoles required to fit the thermal conductivity data is 10-30 times the observed etch pit density. Vibrating dislocations and dipoles are expected to contribute to the specific heat of a deformed crystal. The contribution by isolated dislocations (and also by the acoustical mode of dipoles which obeys the same equation of motion) at temperatures above To = Rol /kB is8 Cac = n 2 p~a 2~k B~/ 3~9 (3) where ol is the lowest normal mode frequency, a is the lattice vector, Z is the number of atoms per unit cell, 9 is the Debye temperature (723 K in LiF) and p is the average sound velocity divided by 
(4)
This same asymptote is approached at higher temperatures by the dipole optical mode contribution Cop. This can be seen from equation (2) in that for the higher order modes (m>>l) oopNwac. For a delta function distribution L = 2 x cm and d = 60b, To-1 .5 K. The background to which Cop and Cac must be compared is the lattice specific heat at low temperature CL = 2 3 4~k~(~/ 9 )~.
Because of their linear temperature dependence the vibrating dislocation dipoles make their largest relative contribution at low T. At 1 K the asymptotic dipole contributions are less than 1% of the total specific heat for A = 7.5 x lo8 cm-*. At lower temperatures the linear asymptotic expression is no longer valid and a numerical calculation of the dipole contributions to the specific heat was perfomed with two objectives: 1) observe the form of the curves below the asymptote, and 2) determine the effect of assuming exponential distributions of dipole lengths and widths as in the thermal conductivity ca~culations.~ For a delta function distribution of lengths and widths it was found that the asymptote (4) 
TIK)
in compfiession by 4.5%.
Comparison of the predicted effects of dipoles and isolated dislocations can also be made for ultrasonic velocity and attentuation. In particular the relative velocity change Av/v is proportional to 1/wl2 and the logarithmic decrement A is proportional to w2/w14for w<<ol. For dipoles only the optical mode of vibration is expected to be excited by the long wavelength stress waves. Numerical calculations were made to compare the effects of a Koehler distribution of screw dislocations (L = 2 x cm) and of the edge dipole distribution used in fitting thermal conductivity measurements (L= 2 x lu5, N0=60). Normalized to the same defect densities it was found that the screw dislocation contribution was 10 times greater for Av/v and 100 times greater for A than the edge dipole contributions. If the dipole density is an order of magnitude greater, dipole effects should certainly be observable--although not dominant. Irradiation pinning experiments should especially be able to discriminate between dislocation and dipole contributions because w l of the dislocations is proportional to 1 /L while that of the dipole is given in equation (2) . The length varies during irradiation according to the relationlo L = Lo/(l + Bt).
(5) Thus the time dependence of the velocity and attenuation changes during irradiation pinning should be less rapid if dipole effects are important. For an LiF sample deformed in [001] compression and measured by 10 MHz longitudinal waves at 4.2 K the irradiation pinning results7 suggest that there are not an order of magnitude more edge dipoles than screw dislocations. However for this sample the deformation was much less so that the dislocation density was about 1 x 1u6 ~m -~, and it is likely that the dipole density and width distribution is somewhat different for small deformation.
In conclusion we have considered the implications of assuming a large density of edge dipoles (previously deduced from thermal conductivity measurements) on the specific heat and ultrasonic velocity and attentuation in LiF. We have found the specific heat is relatively insensitive to dislocations and dipoles in the expected densities. We also found that irradiation pinning ultrasonic measurements should show the optical mode effects of edge dipoles if they are in fact present in numbers an order of magnitude greater than isolated dislocations. Such measurements should be carried out on specimens deformed by a few percent. If possible it would be useful to measure the thermal conductivity effects on the same sample. In this case, kilohertz ultrasonic measurements would be more applicable to the typically rod-shaped thermal conductivity samples.
